Raman multispan dispersion-compensated links operating at 42.67 Gb/s was studied. D+/D− and D+/D−/D+ compensation schemes were considered using different fiber sets. Optical signalto-noise ratio (OSNR) penalties due to MPI were calculated for several backward-pumped system configurations, imposing system target OSNR levels suitable for intensity modulation with direct detection (IMDD) and differential phase-shift keying (DPSK). The analysis in this paper confirmed that the D+/D−/D+ OSNR penalty is typically much less than that of the D+/D− scheme. The authors then estimated the increase due to MPI in the number of spans required to satisfy a target OSNR for a given total link length, taking into account Kerr nonlinearities. It turned out that such an increase can be very significant (up to 15%-20%) with the D+/D− scheme and lower but nonnegligible (5%-10%) with the D+/D−/D+ schemes. The analysis confirms that, to substantially curtail the span increase, both forward and backward pumping should be adopted, as recent experimental results have shown. Finally, at the lower OSNR levels required by DPSK with respect to IMDD, the impact of MPI was shown to be smaller across all configurations.
I. INTRODUCTION

R
AMAN amplifiers can provide improved system optical signal-to-noise ratio (OSNR) with respect to erbiumdoped fiber amplifier (EDFAs). However, if the span length is increased to reduce the number of spans, the needed Raman gain increases, and multipath interference (MPI) may develop [1] , [2] .
MPI is signal light that reaches the end of the fiber after suffering a double reflection due to Rayleigh backscattering [3] , [4] . Although the amount of double-backscattered light is very low, a high level of Raman gain can make it nonnegligible. The MPI light is no longer correlated to the original signal [5] , [6] and therefore behaves as noise, reducing the OSNR at the receiver and increasing the bit error rate (BER) of Ramanamplified transmission systems.
Raman amplification is especially advantageous in ultralong-haul systems. In such systems, dispersion compensation (DC) is preferably performed by splicing fibers with different dispersion coefficients directly inline [7] rather than using lumped dispersion-compensating units (DCUs). Also, DC is typically done in each span. As a result, Raman amplification takes place in different fiber types, and it is substantially affected by their properties. Experimental and numerical investigations have shown that span engineering, accomplished by properly selecting fiber types and by symmetrically compensating for dispersion in a D+/D−/D+ sequence, as opposed to the conventional D+/ D− configuration, can significantly improve system performance in various respects, including Raman noise figure, Kerr nonlinearity, and MPI generation.
For instance, in [8] , a medium-haul (500 km) experiment showed that the symmetric D+/D−/D+ configuration yielded a better system Q with respect to D+/D−. Further compelling experimental evidence to this effect was found in [10] . These findings were confirmed through a theoretical study in [9] , which concentrated on fixed 50-and 100-km test spans.
The above results addressed backward pumping. Recently, several experiments, among which [21] and [27] , have shown that dual forward-backward pumping [26] is a powerful technique to quench MPI generation and improve overall Ramanamplified system performance. Progress has also recently been made on the understanding of the different effective OSNR impact of amplified spontaneous emission (ASE) noise and MPI noise in Raman-amplified systems and how to model it [15] , [16] .
Although several results are available, as shown, a comprehensive theoretical study, adapting and simplifying the MPI analytical tools to the case of multifiber dispersion-managed span structures while encompassing the various Raman-systemrelated techniques and results mentioned above over a broad range of system scenarios, seems not to be available. This paper is an attempt at pulling together these various aspects in a comprehensive analysis. This paper is organized as follows: In Section II, we develop the analytical framework and tools for the theoretical assessment of the system impact of MPI. In Section III, we compute the OSNR penalty due to MPI for a wide range of span lengths and link lengths, with backward pumping, spanning from medium haul to transoceanic and from 50-to 140-km span lengths, for both the intensity modulation with direct detection (IMDD) and differential phase-shift keying (DPSK) formats operating at 42.67 Gb/s. Both D+/D− and D+/D−/D+ span structures are addressed using several different fiber types, including standard single-mode fiber (SMF), nonzero dispersion-shifted fiber (NZ-DSF), 0733 -8724/$20.00 © 2006 IEEE dispersion-compensating fiber (DCF), super-large-effectivearea (SLA) fiber, and inverse dispersion fiber (IDF). Our results confirm the effectiveness of the D+/D−/D+ configuration in reducing the MPI-related OSNR penalty in most practical cases. We also show where MPI is chiefly generated in the spans.
In Sections IV and V, we estimate the increase caused by MPI in the number of spans required to satisfy a suitable target OSNR for a given total link length for the same wide range of system configurations analyzed in Section III. We take into account Kerr nonlinearities by constraining the nonlinear phase shift k NL [9] , [11] , [12] to a fixed value. It turns out that the increase in span number with the D+/D− configuration can be very significant (up to 15%-20%) and lower yet nonnegligible (5%-10%) with the D+/D−/D+ configuration.
Simultaneous forward and backward pumping is introduced in Section VI. We show that this dual-pumping scheme greatly reduces MPI penalties as suggested in [13] . In particular, it curtails the increase in number of spans needed to preserve the target system OSNR. Thanks to dual-pumping, we show that the D+/D− configuration can recover much of the gap with respect to D+/D−/D+.
In all scenarios, at the lower OSNR levels required by DPSK with respect to IMDD, the impact of MPI turns out to be smaller across all configurations.
Section VII is devoted to a discussion of the undepleted pump assumption that we make in the analysis and shows that such assumption is well verified over a wide range of realistic systems. We also discuss the many-pump scenario.
In Section VIII, the results that we obtained are compared to some of the experimental data available in the literature. Comments and conclusion follow.
II. THEORETICAL APPROACH
A. Evaluation of MPI Power
The MPI power reaching the end of a single Ramanamplified span made up of just one fiber type of length L can be written as [2] , [5] 
where P SIG (0) is the average launched signal power at the beginning of the fiber, G on/off is the Raman on/off gain, e −α S L is the signal loss, R is the fiber Rayleigh backscattering coefficient, and K is
where G RA (z 1 , z 2 ) is the Raman gain in the fiber stretch between z 1 and z 2 . The total MPI power at the end of a fiber span of length L can then be rewritten as
where P SIG (L) is the signal power at the end of the span, and the coefficient Γ MPI is the normalized MPI power, i.e., the ratio between the double-scattered signal power and the direct signal power. With the help of (1) and (3), Γ MPI can be written as
When fiber dispersion is in-line compensated, spans are made up of more than one fiber type. Henceforth, we will call "span" a segment of a transmission system comprised between two Raman pump injection points. We will call "section" or "fiber section" every stretch of fiber made up of a single specific fiber type and joining at its ends with different fiber types. Throughout this paper, we will also assume that Raman gain exactly compensates for loss in each span, i.e., we make the "transparency" assumption.
For spans comprising more than one fiber section, (2) has to be modified. In D+/D− compensated spans, three MPI contributions must be taken into account, specifically when reflections take place: 1) both inside the D+ section, 2) both in the D− section, and 3) one in the D− section and one in the D+ section.
In D+/D−/D+ configurations, six contributions must be considered: three from each fiber section alone, two from adjacent fiber sections, and another one when reflections occur in the first and last D+ sections. All these different contributions are depicted in Fig. 1 .
Throughout this paper, we assume that in D+/D−/D+ spans, the first and last D+ sections, which we identify as D+ 1 and D+ 2 , respectively, are identical in all respects. Therefore
where L D+ 1 , L D+ 2 and R D+ 1 , R D+ 2 are the lengths and Rayleigh backscattering coefficients of the D+ 1 and D+ 2 fiber sections, respectively. In the following, we will repeatedly use the above identities to simplify equations without further mentioning them.
It must be pointed out that some additional penalty reduction in the D+/D−/D+ span type could be obtained by optimizing the fiber section ratio L D+ 1 /L D+ 2 [7] . In this paper, however, we restrict our analysis to the case of
Analytically, Γ MPI for the D+/D− spans becomes
and for the D+/D−/D+ spans, it becomes
where R D+ and R D− are the fiber Rayleigh backscattering coefficients in D+ and D− sections, respectively. The various K's appearing in (5) and (6) are labeled using the notation of Fig. 1 . They can be derived adapting (2), yielding the following results.
When both reflections occur in the same fiber section, the expression for K is
where the subscript string i can be either D+ or D−. The "0" coordinate coincides with the beginning of the fiber section and not with the beginning of the span. L i is the length of the fiber section. The Raman gain expression
where P i is the pump power into the i fiber section; α S i and α P i are the signal and pump loss coefficients, respectively; and C r i is the Raman gain coefficient, all for the i fiber section. Equation (8) assumes no-pump depletion. The issue of the impact of the undepleted pump approximation on MPI calculations, as well as of the possible use of more than one pump per propagation direction, will be dealt with in Section VII. When reflections occur in two adjacent fiber sections, then
where L i 1 and L i 2 are the fiber section lengths, and α S i 1 and α S i 2 are the signal loss coefficients of the i 1 and i 2 fiber sections, respectively. Again, the 0 coordinates of the two integrals coincide with the beginning of the respective fiber sections and not with the beginning of the span. The subscript strings (i 1 , i 2 ) in (9) can take on the following values. In the case of a D+/D− span
In the case of a D+/D−/D+ span
The Raman gain expression in (9) is still that of (8) with the obvious substitution of the string i with either i 1 or i 2 , as necessary. The K appearing in the last term of (6) takes into account reflections occurring in the first and last sections of a D+/D−/D+ span. We have
In our analysis of MPI, we neglected higher order (more than two) reflections because they become relevant when first-order reflections have already reached system-intolerable levels.
B. Different Impact of ASE and MPI Noise
MPI noise presents the same spectral shape as the signal itself [3] , [16] . On the other hand, Raman ASE is known to be white noise. Having different noise spectral distributions, we may expect MPI and ASE noise to impact system performance differently.
To evaluate such different impact, we estimated through simulation the Q factor penalty due to either ASE or MPI noise. The simulations were run using the commercial software OptSim [14] . The system parameters were chosen as similar as possible to the experiment run in [15] for reasons that will be explained below. The transmitter was return to zero (RZ) with duty cycle of 50%, operating at 10 Gb/s. The optical receiver filter had a bandwidth equivalent to three times the bit rate, with a second-order super-Gaussian profile. The photodetector was ideal, followed by an electrical postdetection five-pole Bessel filter of bandwidth equal to 0.7 times the bit-rate. A back-toback setup (no fiber) was used.
Similarly to what was done in [15] , our goal was to find a unified definition for the total system OSNR such that a single Q factor would correspond to each specific value of OSNR, independently of the mix of ASE or MPI noise making up such OSNR. We generated both white noise and a colored noise process whose spectral density had the same shape as the RZ pulse energy spectrum, representing ASE and MPI noise, respectively. These noise processes were used to perform noise loading before the optical receiver filter. We ran several simulations applying either ASE or MPI noise alone and together. Three-bit Q factors were estimated from eye diagrams and collected. According to the results, a suitable unified OSNR definition turned out to be
where P ASE is the total amount of ASE noise measured over both polarizations in a bandwidth equal to the bit rate, P MPI is the total MPI noise power over both polarizations, and the factor m accounts for the different impact of ASE and MPI noise. The best fit value of m was approximately 2/3. This result turns out to be consistent with [15] : Once the differing OSNR definitions are taken into account, a similar scale factor (0.624) was experimentally found there.
Since we assume transparency and identical spans, the total system OSNR at the receiver for a link with N SPAN identical spans would be
where P ASE and P MPI are now the per-span ASE and MPI noise powers, respectively. In this paper, we concentrate on 42.7-Gb/s systems, whereas the above simulations as well as the experiment in [15] were run at 10 Gb/s, and the question arises whether m should be modified. In [16] , it was shown that m does not depend on the bit rate but, rather, on the ratio between the receiver optical filter bandwidth and the bit rate, which was assumed to be equal to three both in [15] and in our simulations.
In the 42.7-Gb/s scenario that we address, assuming 100-GHz spacing, a typical optical arrayed waveguide grating demux filter bandwidth would be about twice the bit rate rather than thrice. We actually reran our simulations with a ratio of two and found m ≈ 3/4. Conversely, assuming a 200-GHz grid, the filter bandwidth would be about four times the bit rate, leading to a slightly smaller m than 2/3. Given the relatively modest change of m over this range, as also shown in [16] , we decided to take the fixed value m = 2/3 as a reasonable average over the relevant spacing options from 100 to 200 GHz.
In the following, Raman ASE noise was accurately computed across all fiber types adapting the standard noise power expressions for Raman amplifiers [2] , [11] (which are not reproduced here for brevity). Backscattered ASE was not considered.
C. OSNR Penalty
Typically, system designers set a "target" system OSNR to ensure proper operation and margins: We call it OSNR T . For an actual system to operate properly, it must be that OSNR from (12) satisfies OSNR ≥ OSNR T which we call "the OSNR constraint."
By substituting P MPI from (3) into (12) and then isolating P SIG , the minimum launched signal power required to satisfy the OSNR constraint, yielding precisely OSNR = OSNR T , is
If we now assume that no MPI noise is present, but still using P SIG min , we would clearly obtain a higher OSNR with respect to OSNR T . We call the OSNR in the absence of MPI as OSNR noMPI . Specifically
Therefore, comparing OSNR noMPI to OSNR T , we can assess how much the system OSNR is degraded by MPI noise. Substituting P SIG min from (13) into (14), we find a compact expression where P SIG min is no longer present, i.e.,
from which the OSNR penalty in decibels can be easily found, i.e.,
We point out that this equation, being based on the OSNR definition given by (12) , is bit rate independent as long as the m parameter in (12) does not change. For more details on this, see Section II-B.
III. PENALTY RESULTS
To analyze the impact of MPI, penalty contour plots of ∆OSNR dB , as given by (16) , were drawn for both D+/D− and D+/D−/D+ configurations (Figs. 2 and 3) . We assumed 42.67 Gb/s. As discussed in Section II-B, we chose m = 2/3.
Different types of D+ fiber were used, i.e., SLA fiber, SMF, and NZ-DSF. DCF and IDF were employed as D− fibers. Fiber data are shown in Table I [17]- [19] . α S and α P are signal and pump losses, respectively, D is the dispersion coefficient, γ is the fiber nonlinear coefficient, C r is the Raman gain coefficient, A eff is the fiber effective area, and R is the Rayleigh backscattering coefficient.
The SLA fiber and IDF, also called submarine fibers, have been widely used in ultra-long-haul setups, making record transmission distances possible [17] , [20] . Being a very large effective area fiber, SLA efficiently reduces fiber transmission impairments like Rayleigh backscattering and nonlinear effects, whereas IDF was designed to perfectly match SLA dispersion and dispersion slope [17] .
To run our penalty calculations, we had to set a suitable target system OSNR T . If IMDD is used, assuming a desired BER = 10 −11 , the quantum limit in ASE noise is 14 dB. With a standard forward error control (FEC), approximately 6 dB are gained, of which some 2 dB are typically lost to the combined transmit and receive imperfections, and another 1-2 dB are lost to system component tolerances and propagation effects, such as fiber nonlinearities and polarization-mode dispersion. System margins typically amount to 2-3 dB. Therefore, what is gained through FEC is then either lost to impairments or kept as margin, and the final reasonable figure is OSNR T = 14 dB. With DPSK, the sensitivity advantage over IMDD is about 2.5 dB, which allows cutting back on OSNR T by the same amount, reaching 11.5 dB.
These OSNR T are certainly challengingly low, and only state-of-the-art systems could afford them. On the other hand, MPI is obviously mostly relevant in ultra-long-haul (subma- To assign individual lengths to the different fiber sections within a span, we had to make assumptions regarding per-span dispersion compensation. In practical systems, dispersion map tailoring may lead to a certain amount of under-or overcompensation in each span, typically to a limited extent. We actually ran calculations assuming up to ±10% uncompensated residue per span and found only small differences in the impact of MPI with respect to full compensation. Thus, we decided to refrain from dealing with this issue, and we assumed full compensation in each span.
We must point out that certain combinations of span lengths and number of spans in the plots of Fig. 2 may require values of P SIG min from (13), which could excite excessive Kerr nonlinearities. However, the maximum tolerable launched power depends on transmission format, channel spacing, dispersion map, and many other system parameters. Therefore, we decided to first concentrate on the MPI impact alone and disregard Kerr nonlinearities. Later, in Section IV, we will insert Kerr nonlinearities into the analysis using a simplified approach.
From the penalty contour plots, we see that MPI can have a very substantial impact in the D+/D− SMF/DCF configuration [ Fig. 2(a) ]. The impact is somewhat lessened by using NZ-DSF/DCF [ Fig. 2(b) ] due to the lower amount of DCF needed to compensate for the smaller NZ-DSF dispersion, but it may still be significant over ultra-long-haul links, with long spans. The plot for D+/D− spans with SLA/IDF [ Fig. 2(c) ] does not show any advantage in terms of reduction of MPI when it is compared with NZ-DSF/DCF [ Fig. 2(b) ]. The reason is that, although the IDF has a lower Rayleigh coefficient than the DCF, its length is large in relative terms, about 33% of the span. The DCF contributes to MPI more than the IDF, but it only amounts to 16% of NZ-DSF/DCF spans. Thus, in the end, postcompensated SLA/IDF and NZ-DSF/DCF behave similarly.
Figs. 2(c) and 3, both assuming SLA fiber and IDF, show that the symmetric D+/D−/D+ configuration greatly outperforms the D+/D− one. With IMDD, for the challenging scenario corresponding to plot coordinate values (N SPAN = 100, L SPAN = 100 km), the expected penalty of D+/D− is over 4 dB, whereas it is only about 0.4 dB with D+/D−/D+. In Section IV, we will see that this latter penalty value is deceptively small since even in the D+/D−/D+ configuration, there may be a nonnegligible practical system impact. However, the superiority of D+/D−/ D+ is clear and quite substantial, and it turns out to be even greater when the fibers used in the D+/D−/D+ and D+/D− spans have a smaller A eff , like SMF and DCF (not shown).
Note that different dispersion compensation schemes also change the signal power profile along the span [9] and hence the generation of nonlinearity. We will include this aspect into the analysis in Section IV.
Across all plots, DPSK is substantially less impacted (in terms of ∆OSNR dB ) than IMDD, especially over ultra-longhaul distances. The reason for this is that DPSK tolerates a lower OSNR T -11.5 versus 14 dB-and this clearly causes the OSNR penalty given by (16) to be smaller. Qualitatively, this can be explained by observing that MPI is proportional to signal power. Since with DPSK the signal power can be smaller versus ASE noise than with IMDD, MPI noise will also be smaller versus ASE noise than with IMDD. Therefore, the increase in total noise power (ASE plus MPI) due to the presence of MPI, and hence the OSNR penalty, will be smaller with DPSK than with IMDD.
In the remainder of this paper, we will focus our attention on the postcompensated SMF/DCF and symmetrical SLA/IDF/SLA cases that presented the worst and best performances, respectively.
Since we separately computed the different MPI contributions shown in (1), we can find out which contribution dominates for each system setup. In Fig. 4 , we show the percentage of the total MPI noise due to each contribution for the D+/D− SMF/DCF case and the D+/D−/D+ SLA/IDF/SLA case, as a function of span length.
In the former case [ Fig. 4(a) ], as expected, the majority of noise comes from the D− section, due to the fact that most of the Raman gain is concentrated there and its R coefficient is higher. In the latter [ Fig. 4(b) ], the majority of noise comes from two contributions: the one generated by the D− midsection and the one labeled D− D+ 2 in Fig. 1 . At approximately 60 km of span length, these two contributions are identical. It is somewhat surprising that the contribution due to the D− section alone dominates up to 60 km because, being placed in the middle of the span, the Raman pump that reaches there is already substantially attenuated. Perhaps even more surprising is the fact that the terminal section of the span D+ 2 SLA, which is the one closer to the Raman pump, contributes much less MPI noise than both the D− and D+ D− 2 contributions.
To explain why this happens, let us compare the D− IDF and D+ 2 SLA contributions. The SLA fiber has a three times lower ratio C r /α P than the IDF fiber, which means that in identical pumping conditions, it would approximately generate only one third of the Raman gain in decibels. In the D+/D−/D+ span structure, the D− IDF fiber contributes more to total gain than the D+ 2 SLA, even at large total span lengths. At 100 km of total span length, the D− fiber gain is still about 15.5 dB, whereas that of the D+ 2 is about 7 dB. Thus, we should expect much more MPI generation in the D− section. In addition, the R coefficient of the D− is 6 dB higher, which means a 12-dB difference in MPI generation since it appears squared in (6). This roughly accounts for the 16 times higher MPI generated by D− at 100 km with respect to D+ 2 .
If instead we compare D− and D−D+ 2 , the prevalence of the latter is largely due to the fact that the average path traveled by a D−D+ 2 contribution between the two reflection points is a lot longer than the average path traveled by a D− contribution. This gives a chance to the MPI-generated photons of the D− D+ 2 contribution to experience a lot more amplification than the D− ones, whence their prevalence.
IV. ACCOUNTING FOR FIBER NONLINEARITIES
We already pointed out that the different combinations of span length and number of spans in the plots of Figs. 2 and 3 correspond to different launch powers and, therefore, to the different levels of Kerr nonlinearities. Some combinations may excite too much nonlinearity and therefore be unrealistic. Also, the sheer computation of OSNR penalty, which gives a way to appreciate the strength of MPI, does not provide a direct answer to the question of how greatly MPI impacts the system in terms of reducing the system maximum total length L TOT versus the span length L SPAN . This is ultimately what a system designer is interested in.
To carry out such an analysis, it is necessary to set the level of tolerated nonlinearity in the system. One approximated way to do so is through the so-called nonlinearity parameter k NL [9] , [21] . By definition
where P SIG (z) is the signal power (per channel) along the span, and γ is the fiber nonlinearity coefficient. k NL has the physical meaning of the total self-phase modulation (SPM) phase shift accumulated by a single channel along the whole system and is measured in radians. Therefore, it is reasonable to think that it somehow "measures" SPM rather accurately. As for the other Kerr effects, cross-phase modulation phase shift is directly proportional to k NL , whereas four-wave mixing power is proportional to k 2 NL . This seems to suggest that forcing a constant k NL across different system span lengths and total lengths may ensure a fixed level of impact from Kerr effects.
Unfortunately, this is not entirely true because many system parameters, such as span length and dispersion maps, greatly influence the impact of all Kerr nonlinearities [22] . Yet, fixing k NL is the best we can do in a manageable way to account for Kerr effects; thus, we decided to adopt this method nonetheless.
In practical systems, k NL may vary quite substantially. For instance, in [21] , the authors reported an all-Raman-amplified 10 000-km "low" nonlinearity system, where k NL = 0.7. On the other hand, in [23] , a 9200-km Raman/EDFA system is reported having a "high" k NL = 2π. In [24] , total fixed k NL values of 0.195 and 0.052 were set for an all-Raman-amplified medium-haul system of 600 km. Since we are mostly interested in the ultra-long-haul system, we assumed a total per-channel k NL equal to 1.5 rad, which is lower than that reported in [23] but twice that reported in [21] .
The different points in the plots of Figs. 2 and 3 all comply with the fixed value of OSNR T , but each point has a different k NL . We do not want to exceed k NL = 1.5, but at the same time, we are not interested in those configurations yielding lower k NL since they do not represent the best that can be reached. We therefore extracted from Figs. 2 and 3 those combinations of N SPAN and L SPAN for which k NL exactly equals 1.5. These combinations give us the maximum link length L TOT , which we call L MAX , as a function of L SPAN .
In Fig. 5 , we show the results, including for comparison the corresponding result in the absence of MPI. The results for bidirectional pumping are shown as well, which will be described in Section VI. In this section, we concentrate on backward pumping alone.
As expected, the impact of MPI is substantial in the D+/D− SMF/DCF case, for IMDD [ Fig. 5(a) ]. For instance, in the absence of MPI, it is possible to reach 4500 km using 100-km spans. However, the presence of MPI forces a reduction of the span length to 84 km, which translates into a 19% increase in the number of spans needed. This is a rather large Surprisingly, the impact of MPI may also be substantial in the D+/D−/D+ SLA/IDF case. If we pick IMDD with the typical transpacific length of 8400 km, we see that in the absence of MPI, it would be theoretically possible to use 100-km spans. However, when MPI is present, L SPAN decreases to 86 km. N SPAN , as a result, increases by 16%, which is a large number for a D+/D−/D+ scheme which, from the ∆OSNR dB calculations of Fig. 3 , seemed to incur a negligible penalty. For 6000 km, the span length decreases from 142 to 132 km, which is still a 7.8% increase in N SPAN .
DPSK is again a better performer. At 8500 km, the span length is reduced from 137 to 127 km, increasing the number of spans by about 8.0%, which is a low yet nonnegligible number.
V. CHANGING k NL AND OSNR
The results of Fig. 5 were obtained using k NL = 1.5 and OSNR T = 11.5 dB or OSNR T = 14 dB. All these numbers are rather realistic but represent specific cases that do not encompass the variability of actual ultra-long-haul systems. To have a feeling of what happens when these parameters are changed, we concentrated on the D+/D−/D+ SLA/IDF/SLA case and reran the calculations of maximum system length using the following values: OSNR T = 16 dB, k NL = 1.5 and OSNR T = 11.5 dB, k NL = 0.7. The results are shown in Fig. 6 .
When the required OSNR T is increased while keeping k NL = 1.5, the maximum system length uniformly decreases, as it might be expected. The impact of MPI also notably increases. This again shows how sensitive the effect is to OSNR T and, in retrospect, justifies the large difference between DPSK and IMDD. When k NL is decreased, the maximum system length uniformly decreases because the power that can be launched decreases, but the impact of MPI does not seem to change substantially. All in all, the impact of MPI seems to increase steeply as the target system OSNR, whereas the k NL value to which the system is constrained seems to have a small impact on MPI penalty.
VI. IMPLEMENTING BIDIRECTIONAL PUMPING
Several recent Raman-amplified ultra-long-haul experiments have resorted to both forward and backward pumping, for instance, [21] and [25] . Besides other potential advantages, a reduction in MPI is expected as well. We reran all calculations with bidirectional forward-backward pumping to obtain once more the maximum link length L MAX versus L SPAN for the same configurations analyzed in Section IV. The best balance between forward and backward pumping was numerically found, which maximizes L MAX under the fixed k NL = 1.5 constraint, in the presence of MPI. The results are shown in Fig. 5 . The numbers linked to the arrows indicate the percentage ratio of forward on-off gain (G f OnOff ) with respect to the total Raman on-off gain due to both pumps (G T OnOff ). The ratio is between linear values (not in decibels).
It is immediately visible that the curves related to the bidirectional configuration outperform the single backward pump curves in all instances. In addition, the gap between the presence and absence of MPI becomes almost negligible.
Note also that the percentage ratio
OnOff is identical for IMDD and DPSK (given the same span configuration). This is because of the undepleted pump assumption, whose consequence is that the change in the necessary signal power resulting from switching between IMDD and DPSK does not alter the optimal gain profile along the link. The undepleted pump assumption will be discussed in Section VII.
Forward pumping is known to increase the average span signal power profile and, consequently, the generation of nonlinearity [13] . For this reason, due to the constraint on k NL , the resulting optimal gain provided by forward pumping is always smaller than the optimal gain from backward pumping in all studied cases. In addition, G f OnOff /G T OnOff ratios are much smaller for the D+/D−/D+ case than for the D+/D− case. This is because, for the D+/D−/D+ spans, amplification is already rather distributed [10] , and applying forward gain tends to rapidly increase the k NL . The k NL constraint is quickly hit, and this forces a lower value of forward gain in the D+/D−/D+ case than in the D+/D− case.
Despite the apparent drop in the G f OnOff /G T OnOff ratio for increasing L SPAN , as shown in Fig. 5 , our calculations show that the absolute value of G f OnOff does increase with span length. Nonetheless, the gain ratio decreases because the optimal increase of G f OnOff is smaller than that of the backward gain. Overall, the results show that bidirectional pumping efficiently reduces the impact of MPI, alleviating system penalties, especially in the critical D+/D− SMF/DCF cases of Fig. 5(a) and (b). Remarkably, due to bidirectional pumping, the performance gap between D+/D− and D+/D−/D+ drastically shrinks. On the other hand, forward pumping is a somewhat critical technique that imposes tight requirements on pump noise and depolarization. In addition, it increases the component count and likely makes reliability problems worse. Thus, benefits must be carefully weighed against disadvantages.
VII. NO-PUMP DEPLETION APPROXIMATION LIMIT
The Raman gain expression (8) that we used throughout this paper assumes no pump depletion. Depending on whether Fig. 7 . Maximum number of lasers that can be launched to keep the signalto-pump power ratio tolerance below 10% for the single-pump cases studied. Span type and OSNR targets are indicated in the insets. this assumption is satisfied or not, the calculated signal power profile could substantially differ from the actual one, especially when a high number of channels is transmitted. The estimated impact of MPI could also be inaccurate.
To assess the validity of the results so far presented, we established a threshold criterion for the maximum signal-topump power ratio present in the system, i.e.,
where n is the total number of signal channels, P SIG is the signal power per channel launched into each span and P b PUMP,0
is the backward pump power launched into the fiber. Under this constraint, we have numerically found for several realistic test spans (under the transparency condition) that the difference between the signal power profile with and without pump depletion is lower than 0.5 dB. In addition, the peak difference occurs where signal power is low along the span, whereas both near the beginning and the end of the span, where signal power is critically high, the difference is much lower and tends to zero. In essence, if (18) is satisfied, then the undepleted pump assumption is well verified.
In Fig. 7 , we show the maximum number of channels n that can be launched according to (18) , for various system configurations, as a function of L SPAN . We computed n directly from (18), as follows: P SIG was obtained from (17) Since a lower k NL parameter corresponds to a lower power per channel, according to (18) , the maximum number of channels that can be launched into the system should increase when k NL is decreased. Therefore, analyzing the case of k NL = 1.5, we also ensure that a lower k NL would also comply with (18) for the same number of channels and span length.
In Fig. 7 , the lowest curve is found for the D+/D− SMF/ DCF case. At L SPAN = 100 km, the value of n complying with (18) is still rather large (n = 51). On the other hand, such long L SPAN is probably unrealistic for this configuration because it drastically curtails its L TOT to less than 3000 km (see Fig. 5 ). For smaller L SPAN , n quickly grows.
Any other system configuration in Fig. 7 allows much larger values of n. For instance, for L SPAN = 100 km with the D+/D−/D+ SLA/IDF/SLA configuration and OSNR T = 14 dB, more than 140 channels could theoretically be supported over an L TOT (from Fig. 5 ) of 8000 km before the undepleted pump criterion (18) is no longer met. Of course, this value of n is unrealistic for other reasons, among them the fact that the gain bandwidth of a single pump is not wide enough to accommodate so many channels, and this further ensures that (18) is met, with additional margin. The many-pump scenario is addressed below.
One key aspect causing the spread among the curves of Fig. 7 is the fact that as D+ 2 has a lower Raman efficiency than D− fibers, a higher Raman pump power is required for the D+/D−/D+ spans. With higher P b PUMP,0 , the allowed number of channels that comply with (18) increases. In other words, for the same on-off Raman gain, more pump power is needed for D+/D−/D+ than for D+/D− systems: a fact that increases n. Other factors are also at play, such as fiber attenuation and γ combining in a more complex way.
In summary, we can conclude that the constraint (18) is always met for the system scenarios addressed in this paper, often with ample margin, unless unrealistically large numbers of launched channels are assumed.
A. Many-Pump Scenario
MPI is essentially an intrachannel effect. To characterize it, it is sufficient to study the power profile of a single channel as it propagates along the link. The channel power profile depends on the Raman gain profile, which in turns depends on how the amplifier is pumped.
In this paper, we have assumed a single pump for the backward and forward directions. Of course, a single pump grants only a limited gain bandwidth. Massive wavelength-division multiplexed systems, as reported in state-of-the-art experiments such as [21] and [27] , need to make use of more than one pump per propagation direction to broaden the wavelength range of Raman amplification.
However, as long as the main effect of many pumps is that of enlarging the gain bandwidth, it may be argued that each channel power profile would not too drastically depart from the case of a single dedicated pump per propagation direction, producing the same total on-off gain (in each direction) as the many-pump scenario.
What is lost in our simplification is chiefly the complex Raman gain interplay between the pumps themselves as well as the different propagation loss at the pump wavelengths, which can in principle alter a channel power profile from what it would be in the single-pump picture with same on-off gains. Noise may be somewhat affected as well.
On the other hand, if we had tried to pull into the analysis the many more degrees of freedom entailed by a many-pump scenario, our attempt at reaching any meaningful generalization would have failed. Note, for instance, that the number of pumps and where to place them also depend on the system-specific total number of channels, which in turn depends on many other design parameters and considerations.
Instead, we have accepted the approximation entailed in the single-pump analysis, and as a result, we have been able to obtain a fairly broad and encompassing picture of MPI across a wide range of system configurations, such as given in Figs. 2-5 .
Incidentally, in the many-pump scenario, the undepleted pump limits shown in Fig. 7 become relaxed as more pumps bear the burden of the same number of transmission channels.
VIII. VALIDATION
The results of Figs. 2-5 are the outcome of rather complex calculations involving numerical integration and nested numerical optimization. To validate their indications, we tried to compare our estimates with the results of record-distance ultra-long-haul experiments.
Unfortunately, this is a difficult proposition, and in many cases, it cannot be done reliably because of incomplete system description and missing system parameters. In addition, measuring MPI noise alone is not trivial, and to the best of our knowledge, there is no ultra-long-haul system experiment where this was reported. As suitable test cases, we chose [21] , wherein MPI was not measured but was assessed through simulation, and [27] . One reason we chose these specific experiments is that both made use of many pumps (two backward and three forward); thus, they would provide a test of our singlepump (per direction) approximation.
The experiment [21] comprises 40 channels at 42.8 Gb/s using carrier-suppressed return-to-zero DPSK (CSRZ-DPSK), with L SPAN = 100 km and L TOT = 10 000 km. The configuration is D+/D−/D+ with fibers whose parameters are close to those of SLA and IDF in Table I . Due to careful receiver engineering, their OSNR T was only 9.3 dB (the number mentioned in [21] is 14.6 dB because they use a 0.1-nm noise bandwidth). Due to the low OSNR T , the launched power per channel could also be kept low (−11 dBm), and therefore, k NL was only 0.7.
After inserting all these parameters into our numerical code, we found a Raman ASE-only OSNR equal to 9.2 dB, which very closely matches the 9.3 dB mentioned above for the experiment. In [21] , the same value was also found through simulation to be the best OSNR versus forward Raman gain. The corresponding G f OnOff value was 6.8 dB, with which our calculations agree within 0.5 dB (7.3 dB).
Given the very low OSNR T , the span configuration, and the double pumping, MPI is kept at a very low level in this system. Rasmussen et al. [21] show a simulation estimate that for 6 dB of forward pumping agrees within 2 dB with our numerical estimate of total link MPI power versus per-channel signal power (−25 dB versus our −27 dB). With this level of MPI, a total OSNR penalty with respect to ASE-only OSNR of about 0.5 dB is expected. The MPI power discrepancy could be attributed to our single-pump approximation, but it could as well be attributed to parameter uncertainties and to possibly different MPI estimation assumptions, of which no detail is given in [21] . Overall, we consider the match satisfactory.
The experiment [27] includes again 40 channels at 42.7 Gb/s, but the format is CSRZ-IMDD. Once more, L SPAN = 100 km, whereas L TOT = 3600 km. The configuration is D+/D−/ D+ with fibers whose parameters are similar to those of SLA and IDF from Table I . Again, both forward and backward pumping were present, with G f OnOff = 7.8 dB. The average OSNR measured at the receiver, which we assume as OSNR T , was 15.7 dB, for a launched per-channel power of −7 dBm.
Our calculations for Raman ASE-only OSNR yielded 15.1 dB, which is again in good agreement with the experiment. Unfortunately, [27] does not provide any estimate of MPI power. Our prediction is that the total link MPI power versus per-channel signal power in this case is about −28 dB, resulting in an OSNR penalty of 1.2 dB. This penalty is substantial and aligns well with the fact that [27] operates with a system penalty of over 6 dB with respect to the quantum limit for the measured OSNR. A substantial part of this penalty must be ascribed to propagation effects, and our MPI penalty is compatible with this scenario.
As a whole, we believe the above validation effort, though partial, shows that the results of this paper are compatible with what experimenters have found in actual setups. This, in turn, seems to confirm that the generalized picture we have tried to provide of MPI is substantially reliable despite the assumptions that were needed to achieve it.
IX. CONCLUSION
We were able to draw OSNR penalty plots for a wide range of 42.7-Gb/s all-Raman-amplified systems that are IMDD or DPSK modulated. By imposing a fixed system nonlinearity, we also assessed the total length to span length tradeoffs due to MPI. The OSNR penalty results turned out to essentially confirm what could be inferred by the existing experimental evidence, that is, in D+/D− systems, MPI may be very significant, whereas in D+/D−/D+ systems, the apparent penalty values are low. However, the increase in number of spans that cover a certain distance may be large and economically significant, even in D+/D−/D+ systems, especially when span lengths are stretched to reduce the number of repeaters. In such scenarios, MPI is a nonnegligible factor that should be taken into account and carefully dealt with. Dual forward-backward pumping essentially makes MPI almost negligible even over ultra-longhaul distances, both with the D+/D−/D+ configuration and, remarkably, with the D+/D− as well. DPSK is always less impacted than IMDD due to the lower required OSNR.
